
USING STA RT，厄ND TIMINGS OF SPECTRAL TRA NSITIONS BETWEEN PHONEMES IN 
CONCATENATIVE SPEECH SYNTHESIS 

Toshio Hiraitt Seiichi Tenpakut Kiyohiro Shikanot 

↑Arcad.ia Inc.， 562ベ削3-3-1-15 Japan 
t Nara Institute of Science and Technology， 630--0101-8916-5 Japan 

thirai@arcadia.co.jp 

ABSTRACT 

The definition of “phoneme boundary timing" in a speech corpus 
affects the quality of concatenative speech synth巴sis systems. For 
example，江the se1ected speech unit is not appropriate1y match to 

出e speech unit of the required phoneme environment， the qual・
ity may be degraded. In this paper， a dynarnic segment boundary 
definition is proposed. In白e definition， the concatenation point 
is chosen from the s也氏 or end timings of spectral町ansition de­
pending 0目白e phoneme environment at the boundaries. For a 
1istening test to compare the naturalness of conventional/proposed 
methods，l∞Japanese p1ace names were se1ected random.ly and 
synthesized. The ratio of naturalness was 1 to 3.3 (conventional 
v.s. proposed) by four subjects 

1. 町TRODUCTION

A speech synthesis system is one means by which humans can 
co=unicate smoothly with machines. In the construction of such 
a system， two steps訂e carried out: ( 1 )  Record speech data which 
includes speech units (phonemes， syllab1es， etc.) used at the syn­

出esis stage; (2) Analyze the units into acoustical parameters and 
register them into a database. At the synthesis stage，民quired(but 
unrecorded) speech is generated by se1ecting and concatena山g
the suitab1e units with or without signal processing. Recently， 
speech concatenative systems [1， 21 are being widely deve10ped， 
and speech units are concatenated as they are. 

In this method， when appropriate units are selected， th巴 quality
of出e syn出esized speech is high enough. Add.itionally， since the 
speech is construct巴d from the original speech sounds， the ind.ivid・
uality of the recorded speaker is easi1y reproduced. The appropri­
ateness or inappropriateness of a speech unit is affected by出e fo1-
10wing three e1ements: ( 1 )  the size of白e speech database， (2) the 
algorithm for searching for and se1ecting the appropriate speech 
u凶t， and (3) the features which are used at the search algorithm. 
P紅aphrasing， if the size of出e speech database is large enough， 
then the variation of speech units increases， and appropriate units 
can be found easily. If血e algorithm and the features describing 

出巴 speech unit when searching 紅e suitable， it is possib1e to evalu­
ate the unit's appropriateness accurate1y in出e s戸1出esized speech， 
and出e quality of the speech improves. However， these cond.itions 
紅e not often satisfied. Especial1y， the size of the speech database 
tends to be inadequate， so speech synthesis often takes p1ace using 
fewer speech units than required. 

A typical ex四lp1e of the inappropriate sel巴ction of speech 
units is when the phoneme environments of the speech unit p泊r's
connection ends do not agree. Kawai et al. proposed a method 
in which a list of the connection costs was emp10yed based on白e

l�eI ー-i砂 /皇1+1ロ邑，sel 
!kesal ーー+ !kel + 1口白， sal 

斗
lasal ヲ己 laI + 1ロ田，sal 

( 1 )  

lasel ー・『惨 Ia，ロ魁1+ Isel 
!kはU ーーφ /ka.ロak1 + /'fj/ 

ι 
Iili/ ヲ正 Ia， 0踊1+ fkjJ 

(2) 
Fig. 1. Prob1ems in conventional synthesis method. 

Unit boundary is defined as白e start山凶ng (case ( 1 )， lasal 
syn白esis) or as the end也凶ng(case (2)， /akめof the transi・
Uons. 

evaluation of qualitative deterioration of synthesized speech which 
were出en entered into a unit search algorithm [31. In出e syn出eSls，
the connection timing information between vowe1s ('V'， the 1ast 
phoneme of previous unit) and consonants ('C'，出e first phoneme 
of出e successive u凶t) is determined rigidly whether the phoneme 
environments agree with each other or not. If the environments do 
not agree，白e prob1em described below occurs. 

For example， 泊the case of a concatenative s戸thesis sys­
tem based on mora units (“mora (pl. morae)" is a unit of CV in 
Japanese)， if the speech lasal (“monùng" in Japanese) is syn出e­
sized仕om the first mora of lasel (“sweat") and the second mora of 
!kesal (“this morning")， the connection is executed at出e phoneme
boundary between laI and 1st of lasal and the boundary between 
leI and 1st of !kesal. If the phoneme boundary is defined as “the 
start timing of the fricative sound 1st in the speech，" then the part 
of 血巴町釦sition period (some pitches at the end of !kesal's leI) 
is included in the synthesized speech. As the resu1t， the voiced 
sound lel appe紅s in白e synthesized speech slightly， and the qual・
ity degrades. In order to solve this prob1em， if the definition of the 
phoneme bound紅y is changed to “the end timing when the voiced 
component d.isappears，" the quality of the synthesized speech ex­
p1ained above wou1d improve. However， in 0白巴r synthesis cases， 
the quality degrades owing to 白e change of the boundary defi­
nition. For ex四lp1e，in白e case of Iili/ (“auturnn") synthesized 
from the first mora of lasel and the second mora of !kはi1(“per­
simrnon")， if we adopt the “improved" boundary definition， the 
合icative component of lasel is included in出e syn白巴sized speech， 
and again，白e quality degrades. These situations are illustrated 
in Fig. 1. In the figぽ'e，“口ph1 ph1" describes 出e“官飢sition pe­
riod from ph1 to ph2・" For examp1e， “口出" is the transition period 
from laI to 1st in the case (1). It is clear 白紙these prob1ems are 
caused by出e rigid use of boundary information. In order to solve 
the prob1ems， we can introduce some kind of measure [4， 5] to 
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lasel ーー+ /皇1+1ロ回1+ Isel 
Ikesa/ ーー+ Ike/ +1口.，1+ I出

品
lasa/ � Ia/ + Iロ酪1+ Isa/ 

(1) 

lase/ ーーー・ /皇1+1口笛1+ Ise/ 
/kはU ーー今 /ka/ + I 口ak/ +幅/

ι 
lalàJ � Ia/ + Iロakl + fkjJ 

(2) 

lase/ ー..;砂 Ia/ + 1口昌1+ Isel 
Ibe凶/ ー-+ Ibel + 1口.nl + l岳/

品
laniJ � Ia/ + IrUJ 

(3) 
Fig. 2. Concatenaùon examples with proposed method. 

From the top: (1) the first phonemes of the successive units 
correspond with Is人(2) the last phonemes of the previous 
units coπespond with la人and (3) phoneme environments 
do not match (la/ =1 Ie/ and Isl =1 InI). 

be applied for the opùrnizaùon of the concat巴naùon point dynam­
ica11y. However， if the phoneme env江onment does not agree at出E
concatenation point (e.g.加lÎ/ from処sel and Ibeni!)， 出e measu問
shows a large acousùca1 distanc巴，釦d白e opùrnizaùon may not be 
executed properly. 

2. FLEXIDLE USE OF S TARTÆND TIMINGS O F  
TRANsmON PERIOD 町SPEECH UNIT

CONCATENATION 

h出is paper， in order to solve the problems described in the previ・
ous secùon， we propose a method in which the concatenaùon ùm­
ing of白e speech unit is determined not by the phoneme bound紅y
ti即時but by批start/end ùrnings of spectra1 transiùons between 
phonemes depending on the phoneme environment of concate­
nated units.ηle transiùon period is defined as白e point when the 
post phoneme first appears (start ùrning)，組d血e end point when 
the previous phoneme disappears. The concatenaùon point is se・
lected from these ùmings depending on the conformity of the end 
phonemes of adjacent speech units which are concatenated. ηle 
remaining p紅t of this secùon gives some actua1 examples based 
on the proposed method. 

h 出e case of lasa/ synthesis as described in 出e case (1) of 
Fig.l ，白e first phonemes of the successive units 紅e the same (/sf)， 
so concatenaùon is expected at each end of紅ansiùon. That is， 
from the speech lase/， the p釘t from 由e beginning of Ia/ to the end 
of the transiùon between白巴 phonemes/a/ and IsI (1口笛f) is clipped， 
and from the speech /kesa人出e p紅t from the end of the transiùon 
10.，1 to the end of the speech is clipped， and they are connected 
to each other. Likewise， in the case of lalàJ synthesis from 1，皇se/
and /ka匝(case (2))， the last phonemes of the previous units 紅巳
the same (/af)， and concatenation is executed at both beginning 
points of仕ansiùon. Addiùona11y， if the phoneme environments at 
the boundary do not correspond (like加lÎ/ from I�sel and Ibeni!)， 
the transiùon p副s ( 口as組d ロ.n) are not used for the concatena­
tion. The procedures 訂e illustrated in Fig. 2. According to th巴
proposed method， 出e transiùon period would be sk.ipped at syn­
thesis in case (3) in Fig. 2. 百lOugh it may cause the degradation 
of synthesized speech because of the change of phoneme duraùon， 
it is a1so expected that qua1ity will improve due to the deleùon of 

出巴 unnecessary transition period. 

Table 1. Records in the database丘om出e place n血児“a0・mori"

current unit phoneme pos. and ωne 
ao si1B-ao+m siIB- IL，2H+3L 
mo <r-mo+r 2H-3L+4L 
d ←ri+silE 3L-4L+silli 

3. GENERA:百ON O F  SPEECH DATABASE 

3.1. Design of recording dataset and speech recording 
Japanese place names were chosen as出e synthesis target since 
such have been used often in template synthesis. ηle origina1 
data of the names were loaded from a home page of the J apanese 
Post Office [6]， and accentua1 informaùon was added using a serni­
automaùc method.百le origina1 number of names was about 120k， 

組d出e count of unique sequence patterns (phoneùc and intona­
ùon) was 60，687. We cal1 this the “syn由民is target.'・ Based on 
place names， we studied what恒nds of speech units were needed 
for the task， and designed the recording dataset which was in­
cluded in the units of the place names themselves and words whose 
range of length was the same as白紙of the place names (3-8 
morae). We adopted the “greedy method" [7] for the design. Addi・
ùona11y， we added names which include rare speech units in order 
to be able to synthesize 必I白e n創nes in phoneùc meaning. In 

出is way， 4，004 names/words were selected for the recording. The 
recording list was constructed from the columns of the sequence 
number in the list， Chinese characters with “hiragana (the Japanese 
cursive syllabary)，" and hiragana with accentua1 symbol. Speech 
data was collected using a fema1e narrator.τbe recording list was 
sep訂3ted into two parts (2，000 names/words each). The record­
ing of each part took two days. The recording condiùons were: 
soundproof chamber， monaura1， digita11y recorded 44.1 kHz sam­
pling f託quency，初d 16・bit quanùzaùon. 

3.2. Database production from白e recorded speech 
ηle speech data was down-sampled to 22.05 kHz and clipped into 
electronic files with 200 ms pauses attached at both ends of出e ut­
terances. The tot必 size of the electronic files was 252 MB. Apart 
from the processing，白e speech data was down-sampled to 16 kHz 
for automaùc phoneùc labeling by a conùnuous speech recogni­
ùon system， Julius [8]. The labeling results were modified by hand 
as need arose， and the transiùon period informaùon was added by 
hand according to in-house standards. 

These factors were adopted in classifying speech units: 
• the sequence ofCV* (C + any length ofV sequence) [9， 10] 

(hereafter冗urrent unit")， pre/post-phoneme， 
• the mora posiùon of the current unit， 
• and the accentua1 high/low inforrnation of the cuπent unit 

and pre/post-mora ('H' and‘L ' were used for the notaùon. 
In the cぉe of type-O accent which has no downfa11 of tone 
during the word， the higher tone p紅t was notated as・M'
in order to distinguish it from ‘H' of the high tone of non 
type-O accent). 

The reason why the CV事was chosen as出巴 nucleus of the speech 
unit was to avoid unnatura1 concatenation rnidway through the 
vowel sequence. Table 1 shows組 example of records in the 
database for a place name sむnple“ao・mori." ηle apos位。phe /'1 
denotes the“accent nucleus" when the tone fa11s from H to L at 
the mark. The number and uppercase letter to the left of白e "_" 
indicate the posiùon and tone of白巴“previous" sound， and those 
to the right of the“+" indicate these of the “following" sound. The 

“silB" and “silE" denote the silence at the beginningtend of the 
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speech. 百le tota1 number of cu町'ent units was 16，668， 釦d 出e
number of unique units was 949. The tota1 number of current units 
in出e syn出esis t紅get was 45，2 19， and its 1 6.9')も(7，644) were in­
cluded in the recorded speech data. In each line of the record，出e
st紅白nd凶nings of出e current unit and the length of the unit in 
mora were included. lf there was transition period at the ends of 
the unit boundari巴s， they were a1so notated. 

Though the number of current unit types tends to be enorrnous 
under norrna1 circumstances，江出e tむget for syn出esis is lirnited 
(as in血is study)， the amount is fi凶te. HIL inforrnation and mora 
position were in住oduced as classification factors since the funda­
menta1 frequency of speech (Fo) is roughly the same泊出e group 
of units which have the same mora position and the same HIL (1 1). 
Additiona11y，出e higMow inforrnation of pre/post-mora was in佐0・
duced for detecting出e tendency of Fo changes at the concatena­
tion pomts. 。

。。守

8-
σ3 

I I I I 
4 5 6 7 8  

Fig. 3. The relationship between the current unit length and 出e
word len併1.

Upper left: current unit is 1 mora， upp巴r right: 2 morae， 
lower: more 出an 2 morae. The x-axes 紅e the length of 

白e word (which includes出直current unit in mora)， and出E
y-axes訂e the duration of the unit in ms. 

O 
T 

Table 2. Preference scores of proposed/conv官ntiona1 methods 

ms白od m氾an S.O. 
proposed 63.3 8.22 

conventiona1 19.3 4.65 

to judge出e samples as having “equa1 natura1ness." Two ma1e and 
two fema1e subjects， who were used to listening to synthesized 
speech， were used. 百le subjects listened with headphones under 

白e noisy conditiorts of a business office. They were a110wed to 
listen to出e speech samples as many times as they wanted. 

5. RESULTS 

百le means and standard deviations (S.O.) of preference scores紅e
shown in Table 2 as percentages. ηle ratio of natura1ness was 
1 to 3.3 (conventional vふproposed). In出e experiments， neu・
凶judgment for出e natura1ness was allowed， so the sum of白e
means does not tota1 100%. There were 39 cases in which a11 the 
subjects judged白紙the speech generated by the proposed method 
was more natura1.τ'wo cases received opposite judgment (all the 
subjects preferred the sound of the conventiona1 method in these 
two cases). This is discussed in the next section. 

6. DISCUSSION 

The t-test was adopted to test Ü出e means are significantly differ­
ent.百le t va1ue at a degree of freedom of 3 (= 4 -1) and a level of 
Slg凶自cance of 5% (t3，O.025) is 3. 18.百le sum of the fJ，O.025 x S.O. 

4. SPEECH SYNTHESIS AND HEARll可G EXPER酌IENTS

4.1. Synthesis procedure 

Speech synthesis was executed by using the speech data described 
above. The factors described in 3.2 were adopted as criterion for 
unit selection. Additionally， the length of the synthesized name 
(which includes the current unit) was a1so adopted as a factor since 
白duration of恥unit is affected by白length; a short word is 
usua11y uttered slowly， so the phoneme duration is long compared 
to a longer word. Though Mizusawa et al. proposed to adopt the 
length itself for the selection of unit as a factor (12)， the number 
of factor classes would become massive and each class size would 
be small， so we chose to classify the lengths into a few categories. 

In order to decide the number of categories， the relationship 
between the length of current unit and the length of word was in­
vestigated in two thousand words of the recorded data. Figure 3 
shows the results. The x-axes紅e the length of the word (which in­
cludes the current unit) in mora， and the y-axes紅e the duration of 
the unit in ms. The出ree plots describe 1 mora of the current unit， 
2 morae， and more出an 2 morae， respectively. R (13) is used for 

出e釦a1ysis. According to白巴 ana1ysis， it is revea1ed that the group 
is split into two classes in each plot: (1) less than or equa1 to“the 
length of current unit + 2" morae， and (2) others. In the case where 

白e current unit is 2 morae (upper right of Fig. 3)， one class con­
sists of“less出an or equal to (2+2=) 4 morae word length" with the 
duration being 390 ms， and another class consists of “more than 4 
mora巴 word length" with the duration 310 ms， approximately. The 
classification wぉadopted in the speech syn白esis system as a se­
lection factor. 

百le speech signa1 was not touched except in the morphing pro­
cessing (出e pitch s廿ucture is changed gradually from the previous 
unit to the succeeding one) at the concatenated point in order to 
suppress th巴 clicking noise caused by waveforrn concatenation. 

4.2. Perceptual experiments 

One hundred stimuli pむrs were selected仕om the syn出esis t紅­
get whose units were the same but whose concatenation points 
were different between proposed and conventional methods. The 
boundary definition of the current unit in the conventional method 
was fixed at the end point of transition. Subjec岱played出巴 sounds
arbitrarily by press凶g corresponding buttons on a HTち11. based 
GUI. 百le order of白e methods (proposed or conventional) in a 
p泊r was arranged randomly.百le subject was asked to judge which 
synthesized speech was natural. lf the timing difference between 
the methods was not large enough，出e difference of synth巴sized
speech samples would be negligible， so the subjects were allowed 
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In this paper， a new method of label information usage for con­
catenative speech synth巴sis has been proposed. In this method， 
the start/end tirnings of spec位al transition b巴tween phonemes are 
used flexibly depending on白e phoneme environment at the ends 
of selected speech units in concatenation. Hearing experiments 
were c紅討ed out using four subjects to evaluate the naturalness of 
the synthesized speech comp紅ed to the speech produced by the 
conventional method. The mean rate of出e preference score was 
63.3% for the proposed method and 19.3% for the conventional 
method. The ratio of naturalness was 1 to 3.3 (conventional v目s.
proposed)， and this difference is significant. We plan to improve 
the method by studying the mechanism further regarding why the 
conventional method was preferred in some samples. Additionally， 
it is important to establish a procedure for consistent labeling. 
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